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Abstract: Recent data have demonstrated that the hypothalamic GRP78/BiP (glucose regulated
protein 78 kDa/binding immunoglobulin protein) modulates brown adipose tissue (BAT)
thermogenesis by acting downstream on AMP-activated protein kinase (AMPK). Herein, we aimed
to investigate whether genetic over-expression of GRP78 in the ventromedial nucleus of the
hypothalamus (VMH: a key site regulating thermogenesis) could ameliorate very high fat
diet (vHFD)-induced obesity. Our data showed that stereotaxic treatment with adenoviruses
harboring GRP78 in the VMH reduced hypothalamic endoplasmic reticulum ER stress and reversed
vHFD-induced obesity. Herein, we also demonstrated that this body weight decrease was more likely
associated with an increased BAT thermogenesis and browning of white adipose tissue (WAT) than
to anorexia. Overall, these results indicate that the modulation of GRP78 in the VMH may be a target
against obesity.
Keywords: brown adipose tissue; browning; ER stress; GRP78; hypothalamus; thermogenesis;
white adipose tissue
1. Introduction
Energy balance can be modulated by peripheral signals acting on the central nervous system
(CNS), notably on the hypothalamus [1–3]. In the last decade, there has been a growing
interest in mechanisms activating the thermogenic process, particularly on the central control
of the brown adipose tissue (BAT) activity [3–7]. Even more recently, browning—a process
described as the trans-differentiation of white into beige/brite adipocytes in the white adipose tissue
(WAT)—has been recognized to be a therapeutic target to reduce body weight through the increase of
energy expenditure [8–11].
Increasing evidence has revealed a strong interaction between hypothalamic endoplasmic
reticulum (ER) stress and obesity occurrence. ER stress is closely associated with obesity-associated
insulin resistance in peripheral tissues, such as pancreas and liver [12–14]. Hypothalamic ER stress
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occurs under conditions of nutritional excess, such as obesity and type 2 diabetes, which are associated
with leptin and insulin resistance [15–19]. Since improvements of hypothalamic ER stress,
either through pharmacological or genetic increases of protein folding, have been associated with
a body weight decrease and to an enhancement of leptin and insulin sensitivity, targeting this
mechanism opened new potential therapeutic avenues [15–17,20,21]. In the same line of findings,
recent data have also demonstrated that central ceramide-induced lipotoxicity increases ER stress
contributing to weight gain, glucose intolerance, decreased sympathetic tone, and impaired BAT
thermogenesis [17,22,23]. Interestingly, the central effects of ceramides can be reversed by decreasing
ER stress, particularly in the ventromedial nucleus of the hypothalamus (VMH) [17], a key site
implicated in the modulation of BAT thermogenesis [3,6,7,24].
The general objective of this study was to investigate whether a genetic over-expression of glucose
regulated protein 78 kDa (GRP78) in the VMH could improve very high fat diet (vHFD: extreme
fat content, providing 60% of energy as fat)-induced obesity associated complications. Our data
demonstrated that a stereotaxic injection of adenoviruses harboring GRP78 in the VMH could reduce
hypothalamic ER stress and reverse obesity in rats chronically fed with a vHFD. Overall, these results
confirm that the modulation of GRP78 in the VMH is an effective target against obesity.
2. Materials and Methods
2.1. Animals
For the further described experiments, 50 g male Sprague-Dawley rats (4–5 weeks old,
Animalario General USC, Santiago de Compostela, Spain) were used. All animals were housed
in the same room on a 12:12-h light dark period at temperature and humidity-controlled conditions,
and they were allowed free access to chow and tap water. Sprague-Dawley rats were separated
in two different feeding groups: (i) the first group was submitted to a standard laboratory diet
(STD, SAFE A04: 3.1% fat, 59.9% carbohydrates, 16.1% proteins, 2.791 kcal/g; Scientific Animal
Food & Engineering; Nantes, France), and (ii) the second one to a very high fat diet (vHFD, D12492:
60% fat, 20% carbohydrate, 20% protein, 5.21 kcal/g; Research Diets, Inc.; New Brunswick, NJ, USA).
The animals were housed collectively in groups of 4/cage for a period of 3 months under these dietary
conditions until the beginning of the experiments. In all the experimental settings, the animals were
individually housed and their respective food consumption (STD or vHFD) and body weight were
daily measured. The experiments were performed in agreement with the International Law on Animal
Experimentation and were approved by the USC Ethical Committee (Project License 15010/14/006).
2.2. Stereotaxic Microinjection of Adenoviruses
Rats were deeply anesthetized (intraperitoneal ketamine-xylazine injection) and the head
was located in a stereotaxic frame (David Kopf Instruments; Tujunga, CA, USA). The VMH
was bilaterally targeted using a 25-gauge needle (Hamilton; Reno, NV, USA). The cannula was
implanted in the VMH following already reported stereotaxic coordinates: 2.4/3.2 mm posterior
to the bregma, ±0.6 mm lateral to midline and 10.1 mm ventral [4,5,17,23–26]. Adenoviral vectors
(Viraquest; North Liberty, IA, USA) encoding for green fluorescence protein (GFP, used as control)
or GRP78 and GFP (both at 1012 pts/mL) were injected at a flow of 200 nL/min during 5 min
(1 µL/injection site) as previously described [4,5,17,23–26]. Animals were observed for 7 days; 8–11 rats
per group were used.
2.3. Temperature Measurements
Body temperature was recorded two times at the end of the experiments with a rectal
probe coupled to a digital thermometer (BAT-12: Microprobe-Thermometer; Physitemp,
NJ, USA). The surrounding BAT skin temperature was measured using an infrared camera
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(B335: Compact-Infrared-Thermal-Imaging-Camera; FLIR; West Malling, Kent, UK) and analyzed with
the specific associated software (FLIR-Tools-Software; FLIR; West Malling, Kent, UK) [5,17,23–27].
2.4. Glucose and Insulin Tolerance Tests
At the end of the treatments, insulin (ITT) and glucose (GTT) tolerance tests were
performed. For the ITT, an intraperitoneal injection of 0.75 U/kg insulin (Actrapid, Novonordisk;
Bagsvaerd, Denmark) was given and blood glucose levels were recorded at different time points
(0, 10, 20, 30, and 60 min), as shown [17,23]. For the GTT, overnight fasted animals were orally
administered by gavage with 2 mg/g D-glucose (Sigma; St. Louis, MO, USA) and blood glucose levels
were measured at 0, 15, 30, 60, and 90 min, as reported [17,23]. In both ITT and GTT, blood glucose
levels were recorded using a glucometer (Accucheck; Roche; Barcelona, Spain).
2.5. Sample Processing
Animals were sacrificed by cervical dislocation and decapitation. For each animal, the VMH, liver,
the interscapular BAT, the gonadal WAT (gWAT), and the subcutaneous WAT (sWAT, from the inguinal
area) were collected for further described analysis (Western blotting, oil red O staining and real-time
PCR analysis). The tissues were directly homogenized on ice to maintain the levels of phosphorylation
of the proteins. The collected tissues and serum were stored until use at −80 ◦C. Dissection of the VMH
was performed by micropunch procedure under the microscope, as previously described [4,5,17,23–25].
For immunohistochemical analysis, the samples originating from gWAT and sWAT were submitted to
a 24 h 10% formalin bath followed by an immersion in ethanol 70%.
2.6. Western Blotting
Homogenized VMH and BAT were lysed with appropriate buffers, as previously
shown [1,4,5,17,23–27]. Protein lysates were subjected to SDS-PAGE, electrotransferred on
a PVDF membrane and incubated with the following antibodies: GRP78 (1:1000; ref. 3183),
(Cell Signaling, Danvers, MA, USA) ATF6α (activating transcription factor 6 alpha)
(1:1000; ref. sc-22799), pPERK (Thr981; phosphorylated PKR-like ER kinase) (1:500; ref. sc-32577),
peIF2α (Ser52; phosphorylated eukaryotic initiation factor 2 alpha) (1:2000; ref. sc-101670), CHOP
(C/EBP homologous protein) (1:1000; ref. sc-793) (Santa Cruz; Santa Cruz, CA, USA), pIRE1α (Ser724;
phosphorylated inositol-requiring enzyme 1 alpha) (1:1000; ref. ab48187), UCP1 (uncoupling protein 1)
(1:10,000; ref. ab10983) (Abcam; Cambridge, UK), β-actin (1:5000; ref. A5316), and α-tubulin (1:5000;
ref. T5168) (Sigma; St. Louis, MO, USA) as previously described [4,5,17,23–25,27,28]. The signals
were relatively expressed using α-tubulin (for BAT) or β-actin (for VMH) protein levels. In the gel
autoradiographic images, all the bands for each picture come always from the same gel, but they may
be spliced for clarity, as indicated in the figure legends.
2.7. Real-Time PCR
Real-time PCR analysis (TaqMan®; Applied Biosystems; Carlsbad, CA, USA) was performed as
previously described [1,4,5,17,25,27,28] using specific primers and probes (Supplemental Table S1).
Values were indicated relatively to the Hypoxanthine-guanine phosphoribosyltransferase (HPRT)
corresponding levels.
2.8. Immunohistochemistry
WAT UCP1 expression was evaluated using anti-UCP1 antibody (1:500; ref. ab10983;
Abcam, Cambridge, UK) as previously reported [23,29,30]. Hepatic lipid content was investigated
through oil red O staining, as previously shown [17,24,28,31–33]. The pictures were obtained
using a digital camera Olympus XC50 (Olympus Corporation; Tokyo, Japan) at 20×. Digital liver
and WAT obtained images were analyzed with ImageJ Software (National Institutes of Health;
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Bethesda, MD, USA). GFP fluorescence was observed after perfusion of the animals and detected with
a fluorescence microscope Olympus IX51 [4,17,23–27,30].
2.9. Statistical Analysis
Results are expressed as mean ± SEM. Messenger RNA (mRNA) and protein levels were expressed
in percentage of control (STD or GFP) rats. Statistical analysis was achieved by t-Student test
(when two groups were compared) or ANOVA and post-hoc Bonferroni tests (when more than
2 groups were compared). The differences were considered significant when p < 0.05.
3. Results
3.1. GRP78 in the VMH Decreased ER Stress and Body Weight of vHFD Rats
The injection of GRP78 adenoviruses into the VMH induced feeding-independent weight loss in
vHFD rats but not in STD rats (Figure 1A–D). GRP78 adenoviruses infection efficiency in the VMH
was assessed by the expression of GFP [4,17,23–27,30], and by increased concentrations of GRP78
(which was higher in the vHFD rats, likely due to the greater basal levels [23]) and reduced ER stress
in the VMH, reducing the protein levels of pPERK, pIRE1α, ATF6α, and peIF2α in the VMH of STD
rats (Figure 1E) while decreasing pPERK, ATF6α, peIF2α, and CHOP vHFD rats (Figure 1F).
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Figure 1. Effect of glucose regulated protein 78 kDa (GRP78) overexpression in the ventromedial 
nucleus of the hypothalamus (VMH) of very high fat diet (vHFD) rats on energy balance. (A,C) Body 
weight change, (B,D) average daily food intake (n = 9–10 animals per group) and (E,F) representative 
Western blot autoradiographic images and corresponding VMH protein levels of endoplasmic 
reticulum (ER) unfolding protein response (UPR) pathway (n = 7 animals per group) of standard 
laboratory diet (STD) or vHFD rats stereotaxically treated with green fluorescence protein (GFP) or 
GRP78 adenoviruses into the VMH. Statistical significance was determined by t-Student test. Error 
bars represent the SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. (STD or vHFD) Ad GFP. For the 
Western blot analysis, representative images for all proteins are shown; in the case of the loading 
controls a representative gel is displayed, although each protein was corrected by its own internal 
control (β-actin). In the gel images, all the bands for each picture come always from the same gel, but 
they may be spliced for clarity. 
3.2. GRP78 in the VMH Stimulated Thermogenesis in the BAT of vHFD Rats 
Next, we investigated the effect of GRP78 adenoviruses on thermogenesis. Our results showed 
that while GRP78 in the VMH impact neither the temperature of the BAT nor the body temperature 
in STD rats (Figure 2A,B), it increased BAT and body temperature in vHFD rats (Figure 2C,D).  
In line with this, GRP78 adenoviruses increased UCP1 protein levels in the BAT of vHFD but not STD 
rats (Figure 2E,F). 
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(GFP) or GRP78 adenoviruses into the VMH. Stat stical significance was determined by t-Student
test. Error bars r present the SEM. p < 0.05, ** p < 0.01 and *** p < 0.001 vs. (ST or vHFD) Ad GFP.
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3.2. GRP78 in the VMH Stimulated Thermogenesis in the BAT of vHFD Rats
Next, we investigated the effect of GRP78 adenoviruses on thermogenesis. Our results showed that
while GRP78 in the VMH impact neither the temperature of the BAT nor the body temperature in STD
rats (Figure 2A,B), it increased BAT and body temperature in vHFD rats (Figure 2C,D). In line with this,
GRP78 adenoviruses increased UCP1 protein levels in the BAT of vHFD but not STD rats (Figure 2E,F).Genes 2018, 9, x FOR PEER REVIEW  5 of 11 
 
 
Figure 2. Effect of GRP78 overexpression in the VMH of vHFD rats on brown adipose tissue (BAT) 
thermogenesis. (A,C) Representative infrared thermal images (left panel) and temperature of the BAT 
area (right panels; n = 9–10 animals per group), (B,D) rectal temperature (n = 8–9 animals per group) 
and (E,F) representative Western blot autoradiographic images and corresponding BAT protein levels 
of UCP1 (n = 7 animals per group) of STD or vHFD rats stereotaxically treated with GFP or GRP78 
adenoviruses into the VMH. Statistical significance was determined by t-Student test. Error bars 
represent the SEM. * p < 0.05, and *** p < 0.001 vs. (STD or vHFD) Ad GFP. For the Western blot 
analysis, representative images for all proteins are shown; in the case of the loading controls a 
representative gel is displayed, although UCP1 protein was corrected by its own internal control  
(α-tubulin). In the gel images, all the bands for each picture come always from the same gel, but they 
may be spliced for clarity. 
3.3. GRP78 in the VMH Stimulated the Browning of WAT of vHFD Rats 
To further investigate the effect of GRP78 overexpression in the VMH of vHFD rats, we studied 
its impact on the browning of WAT. The administration of GRP78 in the VMH of vHFD rats decreased 
adipocyte size and increased UCP1 immunostaining in the gWAT when compared to GFP vHFD rats 
(Figure 3A), which was also observed in the sWAT (Figure 4A). Comparable data were found when 
the same samples were analyzed by real-time PCR, which confirmed the elevation of thermogenic 
markers in the gWAT and sWAT of vHFD but not STD rats treated with GRP78 adenovirus within 
the VMH (Figures 3B,C and 4B,C). 
Figure 2. Effect of GRP78 overexpression in the VMH of vHFD rats on brown adipose tissue (BAT)
thermogenesis. (A,C) Representative infrared thermal images (left panel) and temperature of the BAT
area (right panels; n = 9–10 animals per group), (B,D) rectal temperature (n = 8–9 animals per group)
and (E,F) representative Western blot autoradiographic images and corresponding BAT protein levels
of UCP1 (n = 7 animals per group) of STD or vHFD rats stereotaxically treated with GFP or GRP78
adenoviruses into the VMH. Statistical significance was determined by t-Student test. Error bars
represent the SEM. * p < 0.05, and *** p < 0.001 vs. (STD or vHFD) Ad GFP. For the Western blot analysis,
representative images for all proteins are shown; in the case of the loading controls a representative gel
is displayed, although UCP1 protein was corrected by its own internal control (α-tubulin). In the gel
images, all the bands for each picture come always from the same gel, but they may be spliced for clarity.
3.3. GRP78 in the VMH Stimulated the Browning of WAT of vHFD Rats
To further investigate the effect of GRP78 overexpression in the VMH of vHFD rats, we studied
its impact on the browning of WAT. The administration of GRP78 in the VMH of vHFD rats decreased
adipocyte size and increased UCP1 immunostaining in the gWAT when compared to GFP vHFD rats
(Figure 3A), which as also observed in the sWAT (Figure 4A). Comparable data were foun when
the same samples were analyzed by real-time PCR, which confirmed the elev tion of thermogenic
markers in the gWAT and sWAT of vHFD but not S D rats treated with GRP78 a enovirus within the
VMH (Figures 3B,C and 4B,C).
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Figure 4. Effect of GRP78 overexpression in the VMH of vHFD rats on subcutaneous WAT (sWAT) 
browning. (A) Representative immunohistochemistry with anti-UCP1 antibody showing UCP1 
staining (left panels; original magnification 20×; scale bar 100 µm), UCP1 stained area (right upper 
panels; n = 8–10 animals per group), adipocyte area (right lower panels; n = 8–10 animals per group) 
and (B,C) relative mRNA levels of thermogenic markers (n = 8–10 animals per group) in the sWAT of 
the STD or vHFD rats stereotaxically treated with GFP or GRP78 adenoviruses into the VMH. 
Statistical significance was determined by t-Student test or ANOVA. Error bars represent the SEM. * 
p < 0.05, and *** p < 0.001 vs. (STD or vHFD) Ad GFP; # p < 0.05 and ### p < 0.001 vs. vHFD Ad GFP 
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Figure 3. Effect of GRP78 overexpression in the VMH of vHFD rats on gonadal white adipose tissue
(gWAT) browning. (A) Representative immunohistochemistry with anti-UCP1 antibody showing UCP1
staining (left panels; original magnification 20×; scale bar 100 µm), UCP1 stained area (right upper
panels; n = 8–10 animals per group), adipocyte area (right lower panels; n = 8–10 animals per group)
and (B,C) relative messenger RNA (mRNA) levels of thermogenic markers (n = 8–10 animals per group)
in the gWAT f the STD r vHFD rats stereotax cally treated with GFP or GRP78 adenoviruses into the
VMH. Statistical ignifica ce was determined by t-Student te t or ANOVA. Error bars represent the
SEM. * p < 0.05 and *** p < 0.001 vs. (STD or vHFD) Ad GFP; # p < 0.05 and ## p < 0.01 vs. vHFD Ad
GFP (panel A).
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Figure 4. Effect of GRP78 overexpression in the VMH of vHFD rats on subcutaneous WAT (sWAT) 
browning. (A) Representative immunohistochemistry with anti-UCP1 antibody showing UCP1 
staining (left panels; original magnification 20×; scale bar 100 µm), UCP1 stained area (right upper 
panels; n = 8–10 animals per group), adipocyte area (right lower panels; n = 8–10 animals per group) 
and (B,C) relative mRNA levels of thermogenic markers (n = 8–10 animals per group) in the sWAT of 
the STD or vHFD rats stereotaxically treated with GFP or GRP78 adenoviruses into the VMH. 
Statistical significance was determined by t-Student test or ANOVA. Error bars represent the SEM. * 
p < 0.05, and *** p < 0.001 vs. (STD or vHFD) Ad GFP; # p < 0.05 and ### p < 0.001 vs. vHFD Ad GFP 
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Figure 4. Effect of GRP78 overexpression in the VMH of vHFD rats on subcutaneous WAT (sWAT)
browning. (A) Representative immun histochemistry with anti-UCP1 a tibody showing UCP1 staining
(left panels; original magnification 20×; scale bar 100 µm), UCP1 stained area (right upper panels;
n = 8–10 animals per group), adipocyte area (right lower panels; n = 8–10 animals per group) and
(B,C) relative mRNA levels of thermogenic markers (n = 8–10 animals per group) in the sWAT of the
STD or vHFD rats stereotaxically treated with GFP or GRP78 adenoviruses into the VMH. Statistical
significance was determined by t-Student test or ANOVA. Error bars represent the SEM. * p < 0.05,
and *** p < 0.001 vs. (STD or vHFD) Ad GFP; # p < 0.05 and ### p < 0.001 vs. vHFD Ad GFP (panel A).
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3.4. GRP78 in the VMH Ameliorated the Metabolic Phenotype of vHFD Rats
Subsequently, we wanted to investigate whether the effects of GRP78 manipulation could
ameliorate the metabolic comorbidities of obesity, such as hepatic steatosis and impaired glucose
homeostasis. Our data showed that GRP78 adenoviruses reduced vHFD-induced hepatic lipid content
(Figure 5A). We also evaluated the impact of VMH GRP78 overexpression on glucose tolerance and
insulin sensitivity in STD and vHFD rats. Our data showed that administration of GRP78 into the VMH
did not impact glucose tolerance in either STD or vHFD rats (Figure 5B). However, the insulin resistance
that characterizes vHFD rats was ameliorated by GRP78 adenovirus in the VMH, while it did not
affect STD rats (Figure 5C,D). Overall, these data indicate that the targeting of GRP78 in the VMH
induces not only a feeding independent improvement of body weight, but also an amelioration of the
metabolic complications associated with obesity.
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Figure 5. Effect of GRP78 overexpression in the VMH of vHFD rats on hepatic steatosis, glucose
homeostasis and insulin sensitivity. (A) Representative oil re stained liver sections (left panel;
scale bar 100 µm) and their quantification (right panel; n 0 animals per group), (B) glucose
tolerance tests (GTT) (n = 8–10 animals per group), (C) ins li rance tests (I T) (n = 9–11 animals
per group) and (D) the area under the c r e ( UC) (n = 9–11 animals per group) from ITT of the
STD or vHFD rats stereotaxically treated with GFP or GRP78 adenoviruses into the VMH. Statistical
significance was determined by t-Student test or ANOVA. Error bars represent the SEM. * p < 0.05,
** p < 0.01 and *** p < 0.001 vs. (STD or vHFD) Ad GFP; ### p < 0.001 and vs. vHFD Ad GFP (panel A).
3.5. The Body Weight Loss Caused by VMH GRP78 Is Positively Correlated with the Degree of Obesity
Finally, we aimed to investigate whether the effect of GRP78 in the VMH on body weight could
be depend nt of the degree of obesity. Recent d ta from our g oup demonstrated that targeting the
chaperone in this hypothalamic nucleus decreased obesity in rats centrally treated with ceramides,
obese Zucker rats (OZR), and rats fed a HFD with a l wer content of fat (45%) during differe t periods
(3 and 6 months) [17,23]. Therefore, we plotted the GRP78-induced weight loss against the starting
body weight of the animals when the adenoviral treatment into the VMH was given. Our data showed
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that there was a positive correlation between the catabolic action of VMH GRP78 and the degree of
obesity, being the largest effects of GRP78 observed in the most obese models, namely long-term HFD
45% and vHFD rats (Figure 6).
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Figure 6. Effect of GRP78 overexpression in the VMH of different rat models of obesity. Correlation
analysis (linear regression) between obesity degree and body weight loss in rats fed a vHFD (60% fat;
labelled as 1 in the graph; n = 8 animals per group), rats fed a HFD for 6 months (45% fat; labelled as
2 in the graph; n = 20 animals per ) [23], rats fed a HFD for 3 months (45% fat; labelled as 3 in the
graph; n = 27 animals per group) [23], obese Zucker rats (labelled as 4 in the graph; OZR; n = 37 animals
per group) [17,23], and rats receiving intracerebroventricular (ICV) injections of ceramide 6 (labelled as
5 in the graph; n = 23 animals per group) [17], stereotaxically treated with Ad GRP78 adenoviruses into
the VMH; in all the cases the adenoviral treatment lasted 7 days. Error bars represent the SEM.
4. Discussion
This study highlights the role of the chaperone GRP78 in the VMH, a major hypothalamic nucleus
implicated in the modulation of brown fat thermogenesis and browning [3,6,7]. We show that GRP78
induces a beneficial effect on vHFD-induced obesity and on its associated metabolic complications,
such as hepatic steatosis an insulin resistance.
The ER i a cellular site of newly synthesized protein . Any alterations in ER organization
or in chaperone activity lead to an accumulation of unfolded proteins, activating the unfolding
protein response (UPR) [34–36]. Numerous studies have revealed a strong correlation between
ER stress, obesity, and its associated comorbidities at peripheral level [12,32,33,37,38]. In the same
line of findings, it has been exposed that obesity and overnutrition-induced inflammation could
promote hypothalamic ER stress, leading to insulin and l ptin resistance and, ultimately to weight
gain [15,16,20,21,23,39,40]. Interestingly, improving protei folding by chemical chaperones and/or
genetic manipulation of UPR helps to restore leptin and insulin signaling, subsequently normalizing
the body weight [15–17,20,21,23,39,40]. Moreover, it is well described that the ceramide-induced
lipotoxicity can engender hypothalamic ER stress, consequently leading to body weight gain, glucose
intolerance, and decreased BAT thermogenesis, as direct consequence of the reduction of the
sympathetic tone [17,22,24]. Notably, the central action of cer mides can be r versed by decreasing ER
stress, specifically into the VMH [17,23,24].
We have recently demonstrated that the chaperone GRP78, which is located upstream of the UPR
pathway [34–36], had beneficial effects on obesity through its direct action in the VMH. This finding was
confirmed in several models: (i) rats centrally treated with ceramides [17], (ii) short-term (3 months)
and long-term (6 months) diet-induced obese (DIO) rats [23], (iii) as well as in genetic models, such as
in OZR [17,23]. Therefore, the objective of this study was to investigate the efficiency of this genetic
manipulation in a model of morbid obesity, namely rats fed with vHFD. The current observed
mechanisms correspond to the ones already described (feeding-independency associated to BAT
and browning activation), leading ultimately to (i) a significant and maintained body weight loss
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and to (ii) a metabolic improvement, as demonstrated by decreased steatosis and increased insulin
sensitivity. Moreover, we have shown that the amplitude of the effect was positively correlated to
the degree of obesity. Therefore, our data strengthen the idea that the modulation of ER stress within
the VMH by GRP78 is a feeding-independent central mechanism regulating BAT thermogenesis and
WAT browning. All these findings suggest that the upstream central control of both processes may be
a potential strategy against obesity and its associated morbidities.
The clinical relevance of these findings is intriguing. Chemical chaperones, common compounds
used for the reduction of ER stress, have the potential to improve leptin resistance in overnutrition
and overweight conditions. As an example, tauroursodeoxycholic acid (TUDCA) or 4-phenyl
butyric acid (4-PBA), both described to decrease ER stress and enhance leptin sensitivity in vitro
and in vivo [20,21,23], can reinforce weight loss and anorectic effects when co-administered with
exogenous leptin [21]. Interestingly, TUDCA and 4-PBA have been approved by the U.S. Food and Drug
Administration (FDA) due to their high safety profiles in humans [41,42], thus providing an emerging
therapeutic approach for metabolic diseases. Recent data obtained by our group also demonstrate
that TUDCA induces BAT thermogenesis and WAT browning [23]. Thus, rodent data support that the
chemical chaperones might be reprofiled to treat metabolic syndrome and it is tempting to speculate
that targeting hypothalamic ER stress, and more specifically GRP78, may be a suitable strategy for the
treatment of obesity and associated comorbidities.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/7/0357/s1.
Table S1: Primers and probes for real-time PCR (TaqMan®) analysis.
Author Contributions: L.L.-P., E.R.-P., A.E.-S., I.G.-G., C.R., P.S.-C. and N.M.-S. performed the in vivo experiments
and the analytical methods (immunohistochemistry, Western blotting, real time RT-PCR), the analysis of
temperature and collected and analyzed the data. C.C., E.M., R.N., D.P., C.D. and M.L. analyzed, discussed and
interpreted the data. C.C. and M.L. made the figures and designed the experiments. M.L. developed the
hypothesis, coordinated and directed the project, secured funding and wrote the manuscript. All authors had
final approval of the submitted manuscript.
Funding: The research leading to these results has received funding from Xunta de Galicia (R.N.: 2015-CP080
and 2016-PG057; M.L.: 2015-CP079), MINECO co-funded by the FEDER Program of EU (R.N.: BFU2015-70664R;
D.P.: SAF2016-77526-R; C.D.: BFU2017-87721; M.L.: SAF2015-71026-R and BFU2015-70454-REDT/Adipoplast).
The CiMUS is supported by the Xunta de Galicia (2016-2019, ED431G/05). L.L.-P. is a recipient of a fellowship
from Xunta de Galicia (ED481A-2016/094); E.R.-P. is a recipient of a fellowship from MINECO (BES-2015-072743);
A.E.-S. is a recipient of a fellowship from MINECO (FPI/BES-2016-077439); C.R. is a recipient of a fellowship from
MINECO (FPU16/04582). CIBER Fisiopatología de la Obesidad y Nutrición is an initiative of ISCIII. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Ramirez, S.; Martins, L.; Jacas, J.; Carrasco, P.; Pozo, M.; Clotet, J.; Serra, D.; Hegardt, F.G.; Diéguez, C.;
López, M.; et al. Hypothalamic ceramide levels regulated by CPT1C mediate the orexigenic effect of ghrelin.
Diabetes 2013, 62, 2329–2337. [CrossRef] [PubMed]
2. Kooijman, S.; van den Heuvel, J.K.; Rensen, P.C. Neuronal Control of Brown Fat Activity. Trends Endocrinol.
Metab. 2015, 26, 657–668. [CrossRef] [PubMed]
3. Lopez, M.; Nogueiras, R.; Tena-Sempere, M.; Dieguez, C. Hypothalamic AMPK: A canonical regulator of
whole-body energy balance. Nat. Rev. Endocrinol. 2016, 12, 421–432. [CrossRef] [PubMed]
4. Lopez, M.; Varela, L.; Vazquez, M.J.; Rodriguez-Cuenca, S.; Gonzalez, C.R.; Velagapudi, V.R.; Morgan, D.A.;
Schoenmakers, E.; Agassandian, K.; Lage, R.; et al. Hypothalamic AMPK and fatty acid metabolism mediate
thyroid regulation of energy balance. Nat. Med. 2010, 16, 1001–1008. [CrossRef] [PubMed]
5. Martinez de Morentin, P.B.; Gonzalez-Garcia, I.; Martins, L.; Lage, R.; Fernandez-Mallo, D.;
Martinez-Sanchez, N.; Ruíz-Pino, F.; Liu, J.; Morgan, D.A.; Pinilla, L.; et al. Estradiol regulates brown
adipose tissue thermogenesis via hypothalamic AMPK. Cell Metab. 2014, 20, 41–53. [CrossRef] [PubMed]
6. Morrison, S.F.; Madden, C.J. Central nervous system regulation of brown adipose tissue. Compr. Physiol.
2014, 4, 1677–1713. [PubMed]
Genes 2018, 9, 0357 10 of 11
7. Contreras, C.; Gonzalez, F.; Ferno, J.; Dieguez, C.; Rahmouni, K.; Nogueiras, R.; López, M. The brain and
brown fat. Ann. Med. 2015, 47, 150–168. [CrossRef] [PubMed]
8. Fisher, F.M.; Kleiner, S.; Douris, N.; Fox, E.C.; Mepani, R.J.; Verdeguer, F.; Wu, J.; Kharitonenkov, A.;
Flier, J.S.; Maratos-Flier, E.; et al. FGF21 regulates PGC-1α and browning of white adipose tissues in adaptive
thermogenesis. Genes Dev. 2012, 26, 271–281. [CrossRef] [PubMed]
9. Nedergaard, J.; Cannon, B. The browning of white adipose tissue: Some burning issues. Cell Metab.
2014, 20, 396–407. [CrossRef] [PubMed]
10. Ruan, H.B.; Dietrich, M.O.; Liu, Z.W.; Zimmer, M.R.; Li, M.D.; Singh, J.P.; Zhang, K.; Yin, R.; Wu, J.;
Horvath, T.L.; et al. O-GlcNAc transferase enables AgRP neurons to suppress browning of white fat. Cell
2014, 159, 306–317. [CrossRef] [PubMed]
11. Cohen, P.; Levy, J.D.; Zhang, Y.; Frontini, A.; Kolodin, D.P.; Svensson, K.J.; Lo, J.C.; Zeng, X.; Ye, L.;
Khandekar, M.J.; et al. Ablation of PRDM16 and beige adipose causes metabolic dysfunction and
a subcutaneous to visceral fat switch. Cell 2014, 156, 304–316. [CrossRef] [PubMed]
12. Ozcan, U.; Cao, Q.; Yilmaz, E.; Lee, A.H.; Iwakoshi, N.N.; Ozdelen, E.; Tuncman, G.; Görgün, C.;
Glimcher, L.H.; Hotamisligil, G.S. Endoplasmic reticulum stress links obesity, insulin action, and type
2 diabetes. Science 2004, 306, 457–461. [CrossRef] [PubMed]
13. Huang, C.J.; Lin, C.Y.; Haataja, L.; Gurlo, T.; Butler, A.E.; Rizza, R.A.; Butler, P.C. High expression rates of human
islet amyloid polypeptide induce endoplasmic reticulum stress mediated β-cell apoptosis, a characteristic of
humans with type 2 but not type 1 diabetes. Diabetes 2007, 56, 2016–2027. [CrossRef] [PubMed]
14. Sachdeva, M.M.; Claiborn, K.C.; Khoo, C.; Yang, J.; Groff, D.N.; Mirmira, R.G.; Stoffers, D.A. Pdx1 (MODY4)
regulates pancreatic β cell susceptibility to ER stress. Proc. Natl. Acad. Sci. USA 2009, 106, 19090–19095.
[CrossRef] [PubMed]
15. Zhang, X.; Zhang, G.; Zhang, H.; Karin, M.; Bai, H.; Cai, D. Hypothalamic IKKβ/NF-κB and ER stress link
overnutrition to energy imbalance and obesity. Cell 2008, 135, 61–73. [CrossRef] [PubMed]
16. Schneeberger, M.; Dietrich, M.O.; Sebastian, D.; Imbernon, M.; Castano, C.; Garcia, A.; Esteban, Y.;
Gonzalez-Franquesa, A.; Rodríguez, I.C.; Bortolozzi, A.; et al. Mitofusin 2 in POMC neurons connects
ER stress with leptin resistance and energy imbalance. Cell 2013, 155, 172–187. [CrossRef] [PubMed]
17. Contreras, C.; Gonzalez-Garcia, I.; Martinez-Sanchez, N.; Seoane-Collazo, P.; Jacas, J.; Morgan, D.A.; Serra, D.;
Gallego, R.; Gonzalez, F.; Casals, N.; et al. Central Ceramide-Induced Hypothalamic Lipotoxicity and ER
Stress Regulate Energy Balance. Cell Rep. 2014, 9, 366–377. [CrossRef] [PubMed]
18. Yang, L.; Calay, E.S.; Fan, J.; Arduini, A.; Kunz, R.C.; Gygi, S.P.; Yalcin, A.; Fu, S.; Hotamisligil, G.S.
METABOLISM. S-Nitrosylation links obesity-associated inflammation to endoplasmic reticulum dysfunction.
Science 2015, 349, 500–506. [CrossRef] [PubMed]
19. Ma, X.; Xu, L.; Alberobello, A.T.; Gavrilova, O.; Bagattin, A.; Skarulis, M.; Liu, J.; Finkel, T.; Mueller, E.
Celastrol Protects against Obesity and Metabolic Dysfunction through Activation of a HSF1-PGC1α
Transcriptional Axis. Cell Metab. 2015, 22, 695–708. [CrossRef] [PubMed]
20. Hosoi, T.; Sasaki, M.; Miyahara, T.; Hashimoto, C.; Matsuo, S.; Yoshii, M.; Ozawa, K. Endoplasmic reticulum
stress induces leptin resistance. Mol. Pharmacol. 2008, 74, 1610–1619. [CrossRef] [PubMed]
21. Ozcan, L.; Ergin, A.S.; Lu, A.; Chung, J.; Sarkar, S.; Nie, D.; Myers, M.G., Jr.; Ozcan, U. Endoplasmic reticulum
stress plays a central role in development of leptin resistance. Cell Metab. 2009, 9, 35–51. [CrossRef] [PubMed]
22. Turpin, S.M.; Nicholls, H.T.; Willmes, D.M.; Mourier, A.; Brodesser, S.; Wunderlich, C.M.; Mauer, J.; Xu, E.;
Hammerschmidt, P.; Brönneke, H.S.; et al. Obesity-induced CerS6-dependent C16:0 ceramide production
promotes weight gain and glucose intolerance. Cell Metab. 2014, 20, 678–686. [CrossRef] [PubMed]
23. Contreras, C.; Gonzalez-Garcia, I.; Seoane-Collazo, P.; Martinez-Sanchez, N.; Linares-Pose, L.; Rial-Pensado, E.;
Fernø, J.; Tena-Sempere, M.; Casals, N.; Diéguez, C.; et al. Reduction of Hypothalamic Endoplasmic Reticulum
Stress Activates Browning of White Fat and Ameliorates Obesity. Diabetes 2017, 66, 87–99. [CrossRef] [PubMed]
24. Martinez-Sanchez, N.; Seoane-Collazo, P.; Contreras, C.; Varela, L.; Villarroya, J.; Rial-Pensado, E.; Buqué, X.;
Aurrekoetxea, I.; Delgado, T.C.; Vázquez-Martínez, R.; et al. Hypothalamic AMPK-ER Stress-JNK1 Axis
Mediates the Central Actions of Thyroid Hormones on Energy Balance. Cell Metab. 2017, 26, 212–229.
[CrossRef] [PubMed]
25. Whittle, A.J.; Carobbio, S.; Martins, L.; Slawik, M.; Hondares, E.; Vazquez, M.J.; Morgan, D.; Csikasz, R.I.;
Gallego, R.; Rodriguez-Cuenca, S.; et al. BMP8B increases brown adipose tissue thermogenesis through both
central and peripheral actions. Cell 2012, 149, 871–885. [CrossRef] [PubMed]
Genes 2018, 9, 0357 11 of 11
26. Beiroa, D.; Imbernon, M.; Gallego, R.; Senra, A.; Herranz, D.; Villarroya, F.; Serrano, M.; Fernø, J.; Salvador, J.;
Escalada, J.; et al. GLP-1 agonism stimulates brown adipose tissue thermogenesis and browning through
hypothalamic AMPK. Diabetes 2014, 63, 3346–3358. [CrossRef] [PubMed]
27. Martinez de Morentin, P.B.; Whittle, A.J.; Ferno, J.; Nogueiras, R.; Dieguez, C.; Vidal-Puig, A.; López, M.
Nicotine induces negative energy balance through hypothalamic AMP-activated protein kinase. Diabetes
2012, 61, 807–817. [CrossRef] [PubMed]
28. Seoane-Collazo, P.; Martinez de Morentin, P.B.; Ferno, J.; Dieguez, C.; Nogueiras, R.; Lopez, M.
Nicotine improves obesity and hepatic steatosis and ER stress in diet-induced obese male rats. Endocrinology
2014, 155, 1679–1689. [CrossRef] [PubMed]
29. Alvarez-Crespo, M.; Csikasz, R.I.; Martinez-Sanchez, N.; Dieguez, C.; Cannon, B.; Nedergaard, J.; López, M.
Essential role of UCP1 modulating the central effects of thyroid hormones on energy balance. Mol. Metab.
2016, 5, 271–282. [CrossRef] [PubMed]
30. Martinez-Sanchez, N.; Moreno-Navarrete, J.M.; Contreras, C.; Rial-Pensado, E.; Ferno, J.; Nogueiras, R.;
Diéguez, C.; Fernández-Real, J.-M.; López, M. Thyroid hormones induce browning of white fat. J. Endocrinol.
2017, 232, 351–362. [CrossRef] [PubMed]
31. Imbernon, M.; Beiroa, D.; Vazquez, M.J.; Morgan, D.A.; Veyrat-Durebex, C.; Porteiro, B.; Díaz-Arteaga, A.;
Senra, A.; Busquets, S.; Velásquez, D.A.; et al. Central melanin-concentrating hormone influences liver
and adipose metabolism via specific hypothalamic nuclei and efferent autonomic/JNK1 pathways.
Gastroenterology 2013, 144, 636–649. [CrossRef] [PubMed]
32. Imbernon, M.; Sanchez-Rebordelo, E.; Romero-Pico, A.; Kallo, I.; Chee, M.J.; Porteiro, B.; Al-Massadi, O.;
Contreras, C.; Fernø, J.; Senra, A.; et al. Hypothalamic κ opioid receptor mediates both diet-induced and
melanin concentrating hormone-induced liver damage through inflammation and endoplasmic reticulum
stress. Hepatology 2016, 64, 1086–1104. [CrossRef] [PubMed]
33. Porteiro, B.; Fondevila, M.F.; Delgado, T.C.; Iglesias, C.; Imbernon, M.; Iruzubieta, P.; Crespo, J.;
Zabala-Letona, A.; Fernø, J.; González-Terán, B.; et al. Hepatic p63 regulates steatosis via IKKβ/ER stress.
Nat. Commun. 2017, 8, 15111. [CrossRef] [PubMed]
34. Schroder, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005, 74, 739–789.
[CrossRef] [PubMed]
35. Ron, D.; Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat. Rev. Mol.
Cell Biol. 2007, 8, 519–529. [CrossRef] [PubMed]
36. Martinez de Morentin, P.B.; Lopez, M. “Mens sana in corpore sano”: Exercise and hypothalamic ER stress.
PLoS Biol. 2010, 8, e1000464. [CrossRef] [PubMed]
37. Ozcan, U.; Yilmaz, E.; Ozcan, L.; Furuhashi, M.; Vaillancourt, E.; Smith, R.O.; Görgün, C.Z.; Hotamisligil, G.S.
Chemical chaperones reduce ER stress and restore glucose homeostasis in a mouse model of type 2 diabetes.
Science 2006, 313, 1137–1140. [CrossRef] [PubMed]
38. Lipson, K.L.; Ghosh, R.; Urano, F. The role of IRE1α in the degradation of insulin mRNA in pancreatic β-cells.
PLoS ONE 2008, 3, e1648. [CrossRef] [PubMed]
39. Won, J.C.; Jang, P.G.; Namkoong, C.; Koh, E.H.; Kim, S.K.; Park, J.Y.; Lee, K.U.; Kim, M.S.
Central administration of an endoplasmic reticulum stress inducer inhibits the anorexigenic effects of
leptin and insulin. Obesity 2009, 17, 1861–1865. [CrossRef] [PubMed]
40. Contreras, C.; Fondevila, M.F.; Lopez, M. Hypothalamic GRP78, a new target against obesity? Adipocyte
2018, 7, 63–66. [CrossRef] [PubMed]
41. Maestri, N.E.; Brusilow, S.W.; Clissold, D.B.; Bassett, S.S. Long-term treatment of girls with ornithine
transcarbamylase deficiency. N. Engl. J. Med. 1996, 335, 855–859. [CrossRef] [PubMed]
42. Chen, W.Y.; Bailey, E.C.; McCune, S.L.; Dong, J.Y.; Townes, T.M. Reactivation of silenced, virally transduced
genes by inhibitors of histone deacetylase. Proc. Natl. Acad. Sci. USA 1997, 94, 5798–5803. [CrossRef]
[PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
